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The NIH/NIAID initiated a countermeasure program to develop mitigators for radiation-induced injuries from a radiological attack or nuclear accident. We have previously characterized and demonstrated mitigation of single organ injuries, such as radiation pneumonitis, pulmonary fibrosis or nephropathy by angiotensin converting enzyme (ACE) inhibitors. Our current work extends this research to examine the potential for mitigating multiple organ dysfunctions occurring in the same irradiated rats. Using total body irradiation (TBI) followed by bone marrow transplant, we tested four doses of X radiation (11, 11.25, 11 .5 and 12 Gy) to develop lethal late effects. We identified three of these doses (11, 11.25 and 11.5 Gy TBI) that were lethal to all irradiated rats by 160 days to test mitigation by ACE inhibitors of injury to the lungs and kidneys. In this study we tested three ACE inhibitors at doses: captopril (88 and 176 mg/m 2 /day), enalapril (18, 24 and 36 mg/m 2 /day) and fosinopril (60 mg/m 2 /day) for mitigation. Our primary end point was survival or criteria for euthanization of morbid animals. Secondary end points included breathing intervals, other assays for lung structure and function and blood urea nitrogen (BUN) to assess renal damage. We found that captopril at 176 mg/m 2 /day increased survival after 11 or 11.5 Gy TBI. Enalapril at 18-36 mg/m 2 /day improved survival at all three doses (TBI). Fosinopril at 60 mg/m INTRODUCTION Accidental exposure to high doses of ionizing radiation often results in death due to multiple organ dysfunction. In our efforts to develop countermeasures for mitigating lifethreatening radiation-induced damage to multiple organs, we have focused on the lungs and the kidneys, which are injured after total body irradiation (TBI) (1) (2) (3) and are some of the most sensitive organs that exhibit delayed injuries in survivors of the acute radiation hematopoietic and gastrointestinal (GI) syndromes (4) (5) (6) (7) . We previously developed a rat model of total body irradiation followed by a bone marrow transplant (BMT) using a 11 Gy single dose of X ray that did not cause gastrointestinal (GI) toxicity (8). Rats were followed to 100 days and damage to the lung was assessed from 42-80 days by multiple end points including histopathology. Survival as well as lung damage was mitigated by short-term treatment with the superoxidedismutase catalase mimetic EUK 207 (8) . Moulder et al. (9) used a similar model with 8.9-12.2 Gy to study radiationinduced damage to the kidney. In those studies elevated blood urea nitrogen (BUN) levels were correlated with morbidity and confirmed as a surrogate marker of radiation nephropathy based on multiple end points including proteinurea and renal histology. Renal dysfunction with proteinurea and BUN levels .20 mg/dl were observed at 30-35 days after 10 Gy TBI (10) . Radiation nephropathy progressed until rats reached the IACUC criteria for euthanization (around 140 days). Rats were seldom euthanized before 100 days after doses 10 Gy TBI/BMT (9, 10), indicating that these doses did not induce lethality due to radiation pneumonitis, which occurred before 80 days (8) .
We have previously mitigated 2 localized thoracic radiation pneumonitis by ACE inhibitors captopril and enalapril but not fosinopril. In those studies lungs were injured by irradiation to the thorax only (10-13 Gy). While no rats were lost to pneumonitis after exposure to 10 Gy, between 70-90% of the animals met the IACUC criteria for euthanization after exposure to 13 Gy. Radiation nephropathy after a single dose of 10 Gy TBI followed by BMT was mitigated by captopril (9) . Since ACE inhibitors mitigate radiation injuries to both the lungs and kidneys independently, we tested efficacy to mitigate lethal pneumonitis and/or nephropathy in the same rats after 11 Gy TBI/BMT and with higher doses of radiation (11.25 or 11.5 Gy TBI/ BMT). In an effort to optimize the dose of ACE inhibitors we then tested the best mitigators from the 11 Gy TBI/BMT groups. We focused on the longer lasting ACE inhibitor enalapril, since patient compliance is considerably higher with single daily drug dosing than with the multiple daily dosing necessary with captopril. To our knowledge these results are the first examples of mitigation with the same drug for multiple organ injuries in the same animals after a single high dose of TBI. Such a mitigator would be relevant to survivors of acute hematological and gastrointestinal radiation syndromes following a nuclear accident or radiological terrorism event in which some bone marrow may be spared (e.g. by partial shielding or mitigated by supportive care or BMT).
MATERIALS AND METHODS

Animal Welfare
All animal protocols were approved by the Institutional Animal Care and Use Committee (IACUC) at the Medical College of Wisconsin, Milwaukee, WI. Female rats (WAG/RijCMCR) were housed in a moderate security barrier. Following IACUC directives, the rats were considered morbid and euthanized if they met specific veterinarian's criteria that included at least three of the following: 1. greater than 20% loss in body weight; 2. inactivity on two consecutive days, defined as no movement unless actively stimulated; 3. lack of grooming that became worse after 24 h; 4. breathing rates of less than 60 or greater than 250 breaths per minute; and 5. hunched posture, death pose on 2 consecutive days. Necropsies were performed on some rats to examine the cause of the morbidity.
Data from rats were censored if they were lost for reasons unrelated to radiation-induced injury such as anesthesia when drawing blood for BUN measurements or if they were later sacrificed for unrelated studies that used the same model.
Dosimetry for Total Body Irradiations with Bone Marrow Transplant
For TBI, unanesthetized 8-to 10-week-old rats weighing approximately 140 g were immobilized in a plastic jig and irradiated using a XRAD 320KV orthovoltage X-ray system. The heads were shielded to facilitate food intake. The X-ray system was operated at 320 kVp and 13 mAs with a half value layer of 1.4 mm Cu. During irradiation, each rat was confined in a separate chamber in a plastic jig, which allows exposure of four rats simultaneously. The four chambers were placed on a plane perpendicular to the beam direction with distance from source to the midline of rats to be set at 33.5 cm. Collimator jaws were used to define a radiation field to be 22.5 3 22.5 cm 2 at midline and large enough to cover all four chambers with adequate (at least 2 cm) margin.
A soft X-ray ionization chamber (PTW, Freiburg, Germany) was used to collect depth dose information. Absolute calibration measurements were made using a Farmer-type ionization chamber and a DOSE-1 electrometer (IBA Dosimetry, Schwarzenbruck, Germany). This system was calibrated for the orthovoltage energy range at the Accredited Dosimetry Calibration Laboratory located at University of Wisconsin (Madison, WI). Measurements performed in this laboratory are directly traceable to the National Institute of Standards and Technology. The ionization was measured in air and then converted to absolute dose in water following the American Association of Physicists in Medicine Task Group-61 protocol (11) . The dose rate for TBI was defined at the midline of the rat and was calculated to be 1.73 Gy/min using measured output of the machine and the depth dose data. The irradiation time, including appropriate timer error of the X-ray machine, was then calculated to deliver 11, 11.25 or 11.5 Gy prescription doses in one fraction as given previously (8, 9, 12) . The total prescription dose was delivered using one posterior-to-anterior beam. The dose fall-off from the surface to the midline of the rat was 17%. Gafchromict film EBT2 (International Specialty Products Inc., Wayne, NJ) sandwiched between solid water phantom slabs was used to obtain profile distributions. The dose at the centers of the four rat chambers varied by 2%, and rats were randomly assigned to chambers to avoid any resulting bias. All irradiated rats received a syngeneic bone marrow transplant a few hours after irradiation (8, 9, 12) to prevent acute hematopoietic injury. The irradiated rats were randomized for treatment with ACE inhibitors as described in each study and/or followed until all concurrent, agematched, nondrug-treated controls were euthanized due to morbidity.
Drug Delivery
Animals were treated as previously described (13) Some of the rats in the control (unirradiated) and 11 Gy TBI groups were also part of other ongoing experiments including those reported in a previously published article (8) . Fewer rats were randomized to drug treated groups based on previous studies in which the drugs reduced morbidity (13) .
Breathing Interval Measurements
The breathing rates and body weights were measured as described previously (16) in randomly selected rats from each group from 4-12 weeks after irradiation. In brief, rats were restrained in a Plexiglas jig and placed in an airtight box connected to a differential pressure transducer. The mean breathing rate in each rat was calculated from a minimum of four steady regions of recording lasting at least 15 s each. The reciprocal of the mean breathing rate (breathing interval) (14) for each rat was used for statistical analysis using median with 25-75% ranges.
Pulmonary Vascular Resistance and Terminal Arteriole Count
Pulmonary vascular resistance and terminal arteriole count were measured as described previously (8, 17) . Briefly, the lungs and heart were harvested en bloc and perfused with 5% bovine serum albumin in physiological saline solution (Equitech-Bio Inc., Kerrville, TX). The pulmonary artery pressure was measured at 30, 20, 15, 10 and 5 ml/ min. The flow was then stopped and the closing pressure was recorded. The flow rates were normalized by the rat body weight and the pressure versus flow data were fit to a simple pulmonary vascular distensibility model (17) to determine pulmonary vascular resistance at a flow rate of 100 ml/min/kg.
To compare arterial densities 1-bromo-perfluoro-octane was added as perfusate for X-ray contrast. The airway pressure was maintained at 6 mm Hg. The intravascular pressure was set to 30 mm Hg, after conditioning by pressure cycling from 0-35 mm Hg several times. High-magnification microfocal angiographic images of isolated lungs were acquired. Applying a global threshold and a seeded region growing algorithm, the 3D isotropic CT data was used to determine the number of terminal vessels in the arterial tree, expressed as the ''terminal arteriole count''.
Lung Histology
After perfusion and imaging, the inflated lungs from TBI-treated rats were fixed in 10% neutral buffered formalin (Fisher Scientific, Pittsburg, PA), and the left lung was embedded in paraffin (8) . Whole mount sections were cut (4 lm), processed and stained with hematoxylin and eosin (H&E) (Richard-Allan Scientifice, Kalamazoo, MI) and scanned at high resolution by the CRI Pediatric Biobank and Analytical Tissue Core at the Medical College of Wisconsin. Two operators blinded to the source of the lung sections counted foamy macrophages in 5 random high power fields in corresponding regions of each lung. The macrophages/lung section were totaled and averaged for statistical analysis.
Measuring Blood Urea Nitrogen: A Surrogate Marker for Radiation Nephropathy
Rats were anesthetized with 3-5% isoflurane for blood draws by retro-orbital bleeds conducted by an experienced technician. At 70 days three rats were lost under anesthesia and eliminated (censored) from the study [11.5 Gy þ enalapril 18 mg/m 2 /day (2) and 11.5 Gy þ captopril 176 mg/m 2 /day (1)]. The BUN was assayed from serum as described previously (19) using a urease-nitroprusside colorimetric assay. BUN values were expressed as mg/dl of serum and median with 25-75% ranges were plotted and used for statistical analysis. Irradiated rats with BUN .120 mg/dl were previously confirmed to have renal damage (18) .
Statistical Analyses
The morbidity/mortality (survival as approved by the IACUC criteria) of rats after treatments was evaluated by a Kaplan-Meier survival plot and expressed as percent morbidity. Significance was analyzed by the Peto-Peto Wilcoxon test. Body weight was analyzed by one-way analysis of variance (ANOVA) followed by multiple comparisons versus the irradiated alone (without drug) group by Dunnett's method.
The breathing interval was used as a measure of lung function with time after irradiation. Higher breathing rates and lower breathing intervals have been associated with lung damage (14) . As used previously to account for attrition, we set the breathing interval to 0 for animals that died during pneumonitis before the data point under consideration (14) . Results were analyzed by the Kruskal-Wallis ANOVA on ranks. Median breathing intervals with 25-75% ranges were calculated. All pairwise multiple comparisons were tested by Dunn's test. A difference of ranks was considered significant if P , 0.05. Pulmonary vascular resistance, terminal arteriole count and foamy macrophage count were used to confirm pneumonitis after irradiation. Results were analyzed by ANOVA, all pairwise multiple comparisons were performed using the Holm-Sidak method.
To measure kidney function, median BUN values with 25-75% ranges were calculated. Animals with BUN .120 mg/dl predicted renal failure and were euthanized by direction of the IACUC (10). These rats were assigned a BUN of 300 mg/dl to account for attrition at their next scheduled time point. Results of BUN values were analyzed by Mann-Whitney rank sum tests to determine significant differences between groups.
RESULTS
Radiation-Dose Response after TBI/BMT
Doses of 11, 11.25, 11.5 and 12 Gy were used for TBI/ BMT to develop models for our mitigation studies (Fig. 1) . All doses yielded two phases of morbidity, the first between 40-80 days and the second after 120 days. In previous studies these phases corresponded to radiation pneumonitis (8, 13, 16) and radiation nephropathy (19) , respectively. After exposure to 11 Gy in the current study, ;25% of the rats were lost between 40-80 days and all surviving rats were euthanized by 160 days. Doses of 11.25 or 11.5 Gy had a similar survival profile except a higher number (70%) of the animals were morbid at times corresponding to pneumonitis while the remainder were euthanized at the time corresponding to nephropathy by 140 days in previous studies. The highest dose (12 Gy TBI/BMT) resulted in a loss of .35% of the rats before 40 days, at times coinciding with acute radiation-induced GI toxicity. Over 90% of the remaining animals were lost by the end of the first phase. This dose was therefore not suitable to study mitigation of late effects, since there were too few survivors for evaluation of the later nephropathy that occurs after 80 days after exposure. Instead we used 11, 11.25 and 11.5 Gy TBI/BMT doses to test the efficacy of ACE inhibitors to mitigate the late effects of radiation pneumonitis and nephropathy (see sections below).
Mitigation by ACE Inhibitors after 11 Gy TBI/BMT Survival. Only rats that survived to 35 days and were then at risk for pneumonitis and nephropathy were included MITIGATION OF RADIATION-INDUCED MULTIPLE ORGAN DYSFUNCTION 547 to study mitigation. Previous studies have demonstrated that acute radiation effects such as gastrointestinal toxicity or bone marrow failure that occur in the first month after irradiation are not well mitigated by ACE inhibitors (20, 21) . In the first study we tested the effects of three ACE inhibitors after 11 Gy TBI/BMT (Fig. 2) . Captopril was used at two doses (88 and 176 mg/m 2 /day). The lower dose did not improve survival but the higher dose of captopril did (P ¼ 0.001). Irradiated animals given the higher dose of captopril had a higher body weight after 42 days but not after 84 days [compared to those not treated with the drug (Table 1) ]. Enalapril (36 mg/m 2 /day) but not fosinopril (60 mg/m 2 /day) appeared to improve survival through the pneumonitis phase at 80 days. Fosinopril also did not demonstrate efficacy against radiation pneumonitis after 13 Gy irradiation to the whole thorax only (13) . Rats given enalapril in the current study had higher body weight after 84 days compared to those that were not treated with enalapril.
Pneumonitis. Breathing rates have been used to measure lung function and they are increased in irradiated rodents during pneumonitis (14, (22) (23) (24) . We measured breathing rates as described previously (14) and used the corresponding breathing intervals (reciprocal of breathing rate) for analysis. The median (25-75% ranges) breathing intervals of rats exposed to 1 Gy TBI/BMT at four time points are shown in Table 2 . Irradiated animals not treated with drugs demonstrated a drop in breathing intervals that were lowest at 42 days but then increased in surviving rats at 56 and 70 days. Rats given ACE inhibitors showed a delay in the timing of the lowest breathing interval, which occurred at day 56 versus day 42 in irradiated rats without drug ( Table  2 ). The median breathing interval increased after 70 days in all groups except those given the low dose of captopril (88 mg/m 2 /day). There was a 50% loss of rats in the group receiving low captopril dose due to pneumonitis, resulting in a median breathing interval of 0 for these animals (Fig. 2) . Based on these results we chose to follow animals treated with lower doses of enalapril in future studies, since no rats on that drug were lost while all rats in the 11 Gy TBI/BMT group fit the criteria for euthanization. We also tested the high dose of captopril for mitigation, in combination with higher doses of 11.25 and 11.5 Gy TBI/BMT.
Some groups of rat lungs were also evaluated by invasive assays during pneumonitis (between 42 and 60 days), with isolated perfused lungs ex vivo (17) . The pulmonary vascular resistance of these lungs was markedly increased after 11 Gy irradiation (Fig. 3) and this effect was mitigated by both the higher and lower dose of captopril as well as the higher dose of enalapril. The decrease in pulmonary arteriolar density after 11 Gy irradiation, which was evaluated by high-density angiography as described in (17) 2 /day) and fosinopril (60 mg/m 2 /day) reduced morbidity at 160 days (P , 0.05 by Peto-Peto Wilcoxon tests). Incidences for some of the unirradiated and 11 Gy TBI rats are also part of a previously published article (8) .
FIG. 1.
Dose response to total body irradiation. Kaplan-Meier plots for morbidity are shown after increasing doses of total body irradiation at 11, 11.25, 11.5 and 12 Gy followed by bone marrow transplants (TBI/BMT). Numbers of rats at risk at 80 days after irradiation are shown in parenthesis. Rats at risk (n) at 45 days after TBI (i.e., the start of pneumonitis) were as follows: 11 Gy ¼ 45, 11.25 Gy ¼ 10, 11.5 Gy ¼ 31 and 12 Gy ¼ 16. Survivors of pneumonitis at 80 days were ultimately lost due to radiation nephropathy at all doses. Incidences for some of the unirradiated and 11 Gy TBI rats are also part of a previously published article (8) . 548 captopril and enalapril (Fig. 4) . Finally, histological sections were examined and foamy macrophages infiltrating the lungs were estimated (Fig. 5A-E) . The number of macrophages was lower in irradiated lungs of rats given the higher dose of captopril or enalapril (Fig. 5E ) than those irradiated and not treated with ACE inhibitors. Taken together, secondary end points such as the increase in breathing rate, vascular resistance and infiltrating macrophages as well as decrease in arteriolar density identify pneumonitis during the first phase of morbidity in Fig. 2 . Mitigation of the response in these end points support mitigation of radiation pneumonitis by ACE inhibitors at certain doses.
Nephropathy. Progression of radiation nephropathy was followed by measuring the BUN (azotemia) at 70, 120 and 150 days after irradiation (Fig. 6) . The median BUN (25-75% ranges) was lower for rats given the higher dose of captopril at all three times after TBI/BMT compared to rats that were only irradiated (Fig. 6) . All irradiated and drug-treated rats had lower BUNs at 150 days when compared to rats given only 11 Gy TBI/BMT (Fig. 6) and most of the rats without drug treatment were morbid (Fig. 2) .
Mitigation by ACE Inhibitor Enalapril after 11.25 Gy TBI/ BMT
Survival. Based on the promising results of our study of exposure with 11 Gy, we tested a lower dose of the drug enalapril (24 mg/m 2 /day) for mitigation with an exposure of 11.25 Gy. Survival was improved by enalapril (24 mg/m 2 / day) at 120 days after 11.25 Gy TBI/BMT (P ¼ 0.002) (Fig.  7) .
Mitigation by ACE Inhibitors Enalapril and Captopril after 11.5 Gy TBI/BMT Survival. Since enalapril at 24 mg/m 2 /day mitigated morbidity after 11.25 Gy irradiation, we tested an even lower dose of the drug (18 mg/m 2 /day) after exposure to 11.5 Gy. Captopril was also used at the dose (176 mg/m 2 / day) that had been optimized in a previous study (25) . Both captopril (176 mg/m 2 /day) and enalapril (18 mg/m 2 /day) improved survival of rats after 11.5 Gy TBI/BMT by 140 days (Fig. 8) .
Pneumonitis. The median breathing intervals after 11.5 Gy TBI/BMT are shown in Table 3 . Without any drugs this value dropped and continued to fall until day 70, at which time 70% of the rats had died due to pneumonitis (Fig. 8) . Captopril improved the breathing interval at 42, 56 and 70 days compared to the rats that had received TBI/BMT only. In contrast enalapril (18 mg/m 2 /day) did not significantly improve the breathing interval ( Table 3) , and that group's lowest median breathing interval was at day 56 after 11.5 Gy TBI/BMT.
On inspection (necropsy) of rats that were morbid between 40-80 days after .11 Gy TBI/BMT (with or without ACE inhibitor treatment) all rats had grossly abnormal lungs (n ¼ 12). The pleural surfaces were pale. Some lungs were mottled with irregular dark patches and/or had raised, opaque foci that were white in color. The lungs were also larger in appearance than normal and did not spontaneously deflate. In addition, 7/12 (58%) rats had pleural effusions.
Nephropathy. The BUNs were lower in rats given the higher dose of captopril (176 mg/m 2 /day) and lower dose of enalapril (18 mg/m 2 /day) at 70 days as well as 120 days after 11.5 Gy TBI/BMT (Fig. 9) . In this article, we described responses after TBI/BMT in rats with graded morbidity, and demonstrated mitigation of injuries to the lungs and kidneys in the same animals using an ACE inhibitor. Our primary end point was survival. Captopril (176 mg/m 2 /day) or enalapril (18-36 mg/m 2 /day) improved survival past 120 days after 11-11.5 Gy TBI/ BMT. In this and previous studies, acute lung injury (pneumonitis) in this model occurred between 40-80 days after TBI (8) while radiation nephropathy was lethal at later times [beyond 90 days (9)]. In this current study, pneumonitis was monitored by a reversible increase in breathing rate (breaths/min) and thus a corresponding decrease in breathing intervals (Table 2) , which was confirmed by vascular resistance measurement (Fig. 3 ) and arteriolar densities ex vivo (Fig. 4) as well as by histopathology of the lungs (Fig. 5A-E) . With 12 Gy TBI/ BMT, greater than 90% of the rats were morbid from pneumonitis whereas 25-75% rats survived doses of TBI/ BMT from 11-11.5 Gy. Pleural and pericardial effusions were observed in some rats and may have also contributed to respiratory failure. Rats treated with the ACE inhibitor captopril had higher median breathing intervals at the peak of pneumonitis (42 days) compared to those not treated with the ACE inhibitors. All rats surviving pneumonitis eventually died due to radiation nephropathy, which was quantified as we have described previously (18) by a continuous rise in BUN beginning 80 days after TBI. ACE inhibitors captopril and enalapril slowed the rise in BUN and improved survival through nephropathy. Though no rats would survive radiation nephropathy indefinitely, we observed that ACE inhibitors can increase survival by .6 months, which is approximately 25% of the life span of our rats (results not shown). Other organ injuries were not assessed, but the surviving rats exhibited good activity levels and grooming, adequate food and water intake and healthy coats at termination. Body weights were acquired as an index of overall health and quality of life in irradiated rats. After recovery from radiation pneumonitis at 84 days with 11 Gy TBI/BMT, rats that were given enalapril had greater increase in body weight than untreated cohorts. The changes in morbidity after 84 days (i.e., after pneumonitis) did not appear to be closely related to changes in body weight, suggesting that the rats did not become morbid due to lack of appetite or ability to absorb nutrition during radiation nephropathy.
In addition to breathing rates, we have previously reported a number of other parameters that confirm lung injury and pneumonitis 42 days after 11 Gy TBI/BMT. The vascular resistance, arteriole density, ACE activity as well as histopathology measuring vascular thickening and macrophage infiltration were all higher in 11 Gy irradiated lungs compared to unirradiated controls (8) . Vascular distensibility was also decreased in ex vivo lungs 42 days after 11 Gy TBI at which time right ventricular hypertrophy was present (results not shown). Vascular distensibility is 
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the passive ability of blood vessels to increase in diameter with increases in pressure and is a reflection of vessel stiffening (17) .
Radiation nephropathy has been well characterized in rats given TBI/BMT with lower doses (up to 10 Gy) in a similar model (9, 10) . Indeed, the response of male rats after a single dose of TBI/BMT (9, 10) is reported, but only fractionated doses have been tested in female rats (12, 18, 26) . The current study describes progression of radiation nephropathy and mitigation by ACE inhibitors in female rats given unfractionated TBI. Taken together with other rat studies (7, 9, 10) , the kidney is the most sensitive organ to radiation even if bone marrow toxicity is spared by either a bone marrow transplant or at least 5% shielding of the marrow. However, although radiation nephropathy can diminish quality of life, dialysis and transplant are potential treatment options. Failure of other organ systems such as the gut (7, 27) , heart (5, 28) or brain usually occur after higher doses of radiation (6) .
Injury of kidneys and lungs is common in patients who have received total body irradiation in preparation for bone marrow transplant (1) (2) (3) , supporting the clinical relevance of the rat model employed in this study. Interest in mitigation of radiation injuries, which increased in the years following the 9-11 attacks, has prompted an increase in funding to develop countermeasures. A number of agents have been investigated with funding from the NIAID and 
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the Biomedical Advanced Research and Development Authority (BARDA) to mitigate radiation pneumonitis, a topic that has been recently reviewed (29) . Briefly, in addition to ACE inhibitors, other promising drugs are currently under investigation, which include antioxidants such as two classes of superoxide dismutase mimetics (8, 24, (30) (31) (32) and the tyrosine kinase inhibitor genistein. Statins (33) , oxidized glutathione variants (34) and nutraceuticals such as triptolide and flaxseed lignin (35, 36) have also been tested. Steroids have demonstrated potential to mitigate lung injury in irradiated animals (37) (38) (39) (40) . Survival of mice treated with prednisolone 80 days after 2,800 rads in two fractions was better in mice that were irradiated only, but the survival rate dropped sharply when the treatment was discontinued (38) . Of these drugs, genistein and EUK compounds mitigated injury to more than one organ (8, 31, 41, 42) .
Radiation nephropathy in rodents has been mitigated by ACE inhibitors as well as angiotensin receptor blockers (9, 43, 44) . A comprehensive review of these and other agents has been described (43) but not specifically for a mitigating regimen relevant to the NIAID Radiation and Nuclear Countermeasures Program. Dexamethasone has been shown to increase survival time and ameliorate radiation nephropathy in rats (45) (46) (47) . Interestingly, treatment with both dexamethasone and captopril produced greater delay in the progression of renal injury than either agent alone (47) . Chronic administration of acetylsalicylic acid (aspirin) was also effective (48) . At this time we are testing the effect of Neupogent and antibiotics given 2 weeks after TBI without head shielding and in combination with ACE inhibitors, parameters that are prioritized in the NIAID/BARDA initiative.
In September 2012 the U.S. Food and Drug Administration (FDA) recommended that it would be beneficial if preclinical development of countermeasures for radiation injuries were conducted in parallel with studies to decrease radiation injuries in cancer patients (49) . This is because it is not ethical to conduct clinical trials with total body doses and schedules of radiation that would be relevant to a nuclear attack or accident. Very few countermeasures mentioned above have demonstrated efficacy in irradiated humans in trials on cancer patients receiving radiotherapy. Wang et al. (50) reported that incidental use of ACE inhibitors had no effect on radiation pneumonitis. In contrast, Bezjak et al. (51) showed that similar treatment resulted in a decrease in the incidence of pneumonitis in irradiated lung cancer patients, from 29% (34/118) to 12.5% (3/24) . A similar analysis found that incidental use of ACE inhibitors cuts pneumonitis occurrence in irradiated lung cancer patients from 11% (11/101) to 2% (1/61) (3) . A meta-analysis of these three studies gives a pooled odds ratio of 0.48 with P ¼ 0.046 for subjects using ACE inhibitors compared to no drug, pointing out that ACE inhibitors reduce the risk of clinical pneumonitis. Jenkins et al. (52, 53 ) also observed decreased pneumonitis in patients taking ACE inhibitors. The more widespread use of newer more efficacious ACE inhibitors in the later studies may explain the increased efficacy of the ACE inhibitors. We also tested captopril versus placebo in a prospective trial to mitigate chronic renal failure and after radiationbased hematopoietic stem cell transplant (TBI/HSCT) (1, 2). Survival as well as nephropathy and pulmonaryrelated mortality were improved in patients treated with captopril (1-3). As well as supporting the FDA recommendation and indicating the potential for reduced radiation injury, these clinical studies support the safety of ACE inhibitor use in irradiated human subjects. In addition, we and others have demonstrated ACE inhibitors to mitigate radiation injuries in preclinical studies of lung (25, 54, 55) , kidney (9, 56), brain (57) and skin (58) .
In summary, we have developed a model of radiationinduced multiple organ injury in female rats, in response to the NIAID countermeasures program for a terrorismrelevant radiological attack or nuclear accident. We delivered a high dose of 11-11.5 Gy unfractionated radiation in a whole animal model and provide new information regarding the characteristics and timing of morbidity after doses of TBI/BMT below the threshold for lethal gastrointestinal toxicity. Mitigation of the resulting pneumonitis and nephropathy with three ACE inhibitors was observed. One limitation of our model was the use of a bone marrow transplant to protect the rats from acute death by hematopoietic depletion, since such a procedure would not be practical after a mass casualty event. The highest doses of the ACE inhibitors captopril and enalapril that we tested were the most effective at mitigating the multiple organ injuries induced by TBI/BMT. Further studies in male, pediatric, juvenile and geriatric models are needed to develop ACE inhibitors for licensure and approval for use against radiation injuries.
